The purpose of this paper was to re-evaluate the novel rheological method of Crosby et al. [J. Rheol. 46 (2002) 401] to characterise long chain branching (LCB) in polyethylenes (PE) using the rheology of concentrated solutions. The feasibility of this dilution method centred on knowing the class of branched material and the molecular tube theory-based technique for the determination of two topological parameters (n, b U ), where n is the number of entanglements between branch points while b U is the probability of meeting a branch point when tracing along the molecule from a random monomer against the direction of polymerisation. This paper proposes new possible approaches to calculate the two topological parameters (n, b U ) set for metallocene polyethylenes (mPE), and their ambiguity discussed, as the results are dependent on the approach taken, though the previous authors mentioned only one. In addition, their approach requires an input value of LCB/1000C obtained from the standard analytical solution (SEC-V or SEC-LALLS) methods, hence, until now, without proper demonstration of the potential advantage of the dilution rheology method for LCB characterisation, as the main premise of their published article was to characterise the degree of LCB via rheological measurements without recourse to other methods of LCB characterisation.
mer. The branches retract in its path length via a mechanism known as activated diffusion [9] . This mechanism introduces an exponential dependence to the relation correlating the Newtonian viscosity and arm molecular weight, as given by [7, 9] : (2) where M a is the arm molecular weight, k and n are constants. As in the case of a linear polymer, diluting the polymer will have an effect on M e and thus, the Newtonian viscosity. The interesting point is that in this case, the viscosity varies exponentially whereas for a linear polymer, its variation abides power-law. For a branched polymer, the chains can be considered as a combination of H-polymers and relax via the mechanisms of these two extreme cases: arm retraction followed by bar reptation and fluctuation.
Hence, according to this dilution theory, it is possible to distinguish a linear polymer from a branched one simply by analysing the variation of the dynamic response. Analytical expressions have been published by Crosby et al. [16] to quantify the results. The expressions are classified into two categories of polymer topology: commercial low-density polyethylene (LDPE) and metallocene single-site LCB mPE melts. For the purpose of this paper, they will only be briefly reviewed below.
COMMERCIAL LDPE
The recursion relation for the spectrum of relaxation times, t, states that (Eq. 18 in Crosby et al. [16] ):
where n = 15/8, a = 4/3 (q solvent), n = M x /M e , with s the seniority [17] and C(s) the volume fraction of all material with seniority ≥ s. The additional factor of 2 arises as a first approximation to the exponential polydispersity effect in the molecular weight of segments between branch points. By integrating the above equation, the correct [18] exact equation for LDPE materials is: 
INTRODUCTION
The presence of long chain branching (LCB) in polymers has an important influence on its terminal relaxation, hence, its flow properties [1 -3] . LCB cannot be determined by a single method: No single technique gives an identification of LCB type, its distribution and quantification. A combination of techniques is needed to obtain even an estimate of LCB quantity and type. Different analytical methods (e.g. SEC/viscometry, NMR, etc.) has traditionally been used for its characterisation [4 -6] . However, these methods are not very sensitive when the degree of LCB is very low. Based on observations and molecular theories, Daniels et al. [7] , Vega et al. [8] and Read and McLeish [9] have proved that the terminal or near terminal relaxation of polymers is very sensitive to the presence of LCB, supporting the use of rheological methods [2 -3, 10 -15] to characterise the LCB with high sensitivity. Crosby et al. [16] has published their results for LCB characterisation by diluting the polyethylenes with a short chain alkane, squalane (C 30 H 62 ), and measuring its dynamic response. This method has indeed proved to be very sensitive and the variation of the dynamic response depends strongly on the polymer's topology. This is due to the fact that the terminal/near terminal relaxation of a branched polymer depends differently on its molecular weight than that of a linear polymer. The expression which relates the zero-shear viscosity and the molecular weight, M W , for a linear polymer with its molecular weight exceeding the critical molecular weight, M c , states [12] that: (1) where A depends on the polymer and temperature, while M c varies with the entanglement molecular weight and thus the concentration f, as M c (f) = 2M e (f). M e is the entanglement molecular weight which is dependent on the concentration f. This suggests that by changing the concentration of polymer, which will modify M e (f), and a variation in the Newtonian viscosity is expected.
As for a star-polymer, the mechanism of its relaxation is different from that of a linear poly-
It should be noted that the factor of 2 has been left out in their original derivations of equations as shown in their Appendix A [16] . The correct [18] final equation defining the variation of viscosity h(f) under dilution, or the gradient for the plot of ln(a c ) against f, (where a c is concentration shift factor) becomes:
By integrating Eq. 3, we obtained:
where M x is the molecular weight of segments between branch points, s = 2, f b the weight-fraction of all branched material present (although this is expected to be close to 1 in most LDPEs), a = 4/3 (q solvent), u = 15/8 and h(1) is the viscosity at unit concentration, h(f = 1). Once the concentration shift factor, a c , is calculated from the oscillatory shear experiments, the number of entanglements between branch points, n, can then be determined.
METALLOCENE mPEs
For the single-site metallocene PE family, the gradient depends both on LCB and the molecular weight M W . In the former (LDPE) case, the gradient depends solely on LCB. The correct [18] general equation for the gradient g f is: where S max is a maximum seniority defining the upper cut-off to seniority distribution that is different from that of random branching [9] , or from that of LDPE. Integration of the above equation leads to the following equation:
with where b U , defined [9] as the upstream probability of finding a branch point when tracing along the molecule from a random monomer against the direction of polymerisation, is a function of the molecular weight M W . It has to be smaller than 0.5, known as the percolation limit. n is (as in LDPE case above) the number of entanglements between branch points for metallocene polymers. In this metallocene case, the degree of LCB can only be quantified if the molecular weight M W of the polymer is known. Crosby et al. [16] gave the expressions that relate b U to the molecular weight M W and to LCB as: (7) and (8) Thus, a proper rheological dilution approach would necessitate the solving of Eqs. 6 and 7 simultaneously [9] in order to obtain the two parameters (n, b U ). As Eq. 7 is a 2 nd order system, 2 solutions are expected (provided that there are real solutions). To disambiguate the dual solutions, one selects the solution where s max is smaller than 1.
In summary, Crosby et al. [16] asserted that the main premise of their dilution method is to characterise the degree of LCB via rheological measurements, without recourse to any analytical solution methods of LCB characterisation. However, it was unfortunate that the previous authors had chosen an inverse approach for the determination of the branching probability, b U , based on Eqs. 7 and 8 and a pair of "chemical" parameters, (M W and LCB/1000C) which were pre-determined from a traditional solution method (Size-Exclusion Chromatography/Intrinsic Viscometry: SEC-V). Thus, if one already has a value of LCB/1000C determined from SEC-V, it is reasonable to question, in particular by the industrial laboratories, the need to invest the considerable effort, due to the time-consuming sample preparation step, in performing the proposed dilution rheological measurements! Moreover, the accuracy and sensitivity of the determined "physical" parameters, (n, b U ), for the quantitative characterisation of the degree of long branching in thermoplastic polymers, would undoubtedly be strongly influenced by those of the input "chemical" parameters.
In this paper, we highlight below that there are 3 different approaches for the determinations of the 'physical' parameters (n, b U ). The published data of Crosby et al. [16] were then reanalysed to extract the sets of (n, b U ) parameters according to the 3 different approaches. We also generated a new set of data, by performing the dilution experiments as described by Crosby et al. [16] , to complement the evaluation and assist the discussion.
In accordance with the previous study [16] , the ratio of M b /M c based on Janzen and Colby [12] were also calculated from the new data set, (where M b is defined as molecular weight between branch points): 
METHODS OF DETERMINATION OF THE (n, b U ) PARAMETERS
The previous authors [16] have used the following approach to determine the (n, b U ) parameter set:
Approach (a)
This approach requires three independent measurements, the molecular weight, M W , the viscosity dilution gradient, g j , and an input of LCB data pre-determined from the coupling of sizeexclusion chromatography with low-angle laser light scattering (SEC-LALLS) solution method, which is theoretically different from that of melt dynamics. Hence, the final results of (n, b U ) thus obtained from their Eq. 25 and the Eq. 5 above do not appear to conform to the dilution rheology theory as postulated (Eq. 7 above).
Approach (b)
An alternative approach, not evaluated by previous authors, of utilising only two independently determined input parameters: the weight-average molecular weight, M W , and the viscosity dilution gradient, g j , is schematically shown below: 
Dilution: <g f > good contact. After about 5 minutes at 190°C, the plates are lightly compressed and the surplus polymer at the circumference of the plates is trimmed. A further 10 minutes is allowed for thermal stability and for the normal force to decrease back to zero. That is, all measurements are carried out after the samples have been equilibrated at 190°C for about 15 minutes and are run under full nitrogen blanketing.
Flow Activation Energy (Ea) Measurement
The bulk dynamic rheological properties (e.g. G', G" and h*) of all the polymers ( Table 2) were then measured at 170, 190, and 210°C. At each temperature, scans were performed as a function of angular shear frequency (from 100 to 0.01 rad/s) at a constant shear strain which was appropriately determined by strain sweep experiments carried out at 190°C to determine the linear viscoelastic strain that would generate a torque signal which is greater than 10% of the lower scale of the transducer, over the full frequency range. The dynamic rheological data was then analysed using the Rheometrics Software with the appropriate conditions for the time-temperature (t -T) superposition and the determination of the flow activation energies, E a , according to an Arrhenius equation, a T = exp (E a /kT), which relates the shift factor, a T , to E a .
Dilution Rheology
Samples of PE/squalane blend were prepared [16] by adding small amounts of squalane to the PE melt using a Brabender Plasticorder PL2000 extruder. The temperature for the mixing was set at 135°C and the screw rotation speed was about 20 rpm. The samples are then compression moulded for dynamic experiments. RDS II (Rheometrics Dynamic Spectrometer-7700 series II) is used for the experiments. The physical properties of the samples are given in Table 2 .
The experiments were conducted at 3 different temperatures: 130, 140, and 150°C and under inert (nitrogen) atmosphere. The deformation was set at linear region of 20% strain and the frequency sweep from 100 to 0.01 rad/s. To determine the shift factor, ac, the curves of tan d (= G"(w)/G'(w)) of different concentrations were shifted horizontally to create a master curve at 100 wt% PE by minimising the residual errors. It is advised not to use the Newtonian viscosity to determine the shift fac-94 Applied Rheology Volume 16 · Issue 2
The two parameters (n, b U ) are calculated, as previously mentioned, from solving the above Eqs. 6 and 7 simultaneously [9] . Together with knowledge of weight-average molecular weight, M W , this method yields quantitative values of the LCB content for metallocene polymers. It is purely based on the dilution method and thus, its results should conform to the theory.
Approach (c)
It has also been suggested that the upstream probability of finding a branch point, b U , can be calculated by using the following equation [9, 19] : (10) where PI is the polydispersity or molecular weight distribution (MWD) of the polymer. This implies that one should be able to determine the branching probability, b U , simply by knowing the polymer's molecular weight distribution (M W /M n ), a branched metallocene polymer should have a higher degree of long chain branching as its polydispersity increases. Equations 5 and 10 are thus involved in the calculation of (n, b U ), but requiring two independently measured parameters, from SEC and dilution rheological measurements, to quantify the content of LCB:
EXPERIMENTAL

DYNAMIC RHEOLOGICAL ANALYSIS
Rheological measurements are carried out on a dynamic rheometer (e.g. ARES, RDS II) with 25 mm diameter parallel plates in a dynamic mode. For all experiments, the rheometer has been thermally stable at 190°C for at least 30 minutes before inserting the appropriately stabilised (with anti-oxidant additives), compressionmoulded sample onto the parallel plates sample holder. The plates are then closed with a positive normal force registered on the meter to ensure
n tor as this value is extrapolated from the experimental results. Creep measurements would give a more accurate result than that of dynamic shear measurements. As mentioned earlier, the dynamic response in the terminal/near terminal zone is very sensitive to the presence of LCB. At high frequencies (short solicitation time), the response will not be able to reveal the presence of LCB. We have superposed the curves for values of tan d > 2. We have observed that as the relaxation approaches the terminal/near-terminal zone, the dynamic responses become too weak and the measurements are out of the sensitivity level of Rheometric RDS II rheometer. Hence, we have neglected the measurements where tan d > 16 or even smaller for certain samples.
Size-Exclusion Chromatography (SEC)
A Waters 150CV was used for the determination of the molecular weight and its distribution (e.g. M W /M n , the ratio of weight average molecular weight to number molecular weight). The relevant operating conditions were: temperature = 140°C; mobile phase = 1,2,4-Trichlorobenzene stabilised with 200 ppm Santanox R; flow rate = 0.5 ml/min; injection volume = 500 ml; columns = 1 x Shodex AT-807/S, 1 x Shodex AT-806M/S, 1
x Shodex 804/S, 1 x Waters Ultrastyragel 500A; detector = Refractive Index (DRI); concentrations typically 0.05 %w/v. The system was calibrated using 24 polystyrene standards supplied by Polymer Laboratories, converted to polyethylene molecular weights by Universal Calibration using the Mark Houwink parameters (k ps =1.21 x 10 -4 , a ps = 0.707, k pe = 4.48 x 10 -4 , a pe = 0.718), 8 narrow molecular weight polyethylenes supplied by NIST, Washington, USA and Polymer Laboratories and 12 linear hydrocarbons C 5 H 12 to C 104 H 210 . A small shift, constant in terms of percentage, was applied to the polystyrene molecular weights so that the calibration gave M W = 54 000‚ 2000 for an analysis of the widely accepted polyethylene standard SRM1475 (supplied by NIST), hence the polystyrenes were used to characterise the shape of the calibration, while SRM1475, the narrow distribution PE's and the hydrocarbons define its absolute position.
The long chain branch parameter, g' LCB , was calculated from the SEC and intrinsic viscosity data using the following form of the Zimm-Stockmayer equation: (11) where [h] is the measured intrinsic viscosity of the long chain branched polymer, [h] GPC is the intrinsic viscosity predicted for a linear polymer with the same SEC elution trace as the long chain branch polymer being characterised, and g' SCB is the contribution to the g' parameter arising from comonomer incorporation rather than LCB. The latter quantities were calculated as follows: (12) where M v is the viscosity average molecular weight calculated from the SEC trace, assuming a = 0.718 and (13) where S is the weight fraction of the polymer present as short side branches. For copolymers made by catalysts, S was obtained directly from measurements of comonomer content. For LDPE materials it was assumed the g' SCB = 0.92.
RESULTS AND DISCUSSION
METHODS OF DETERMINATIONS OF (n, b U ) PARAMETERS
Original data of Crosby et al. [16]
Approach (a)
The three sets of (n, b U ) parameters as determined from the three different approaches, based on the original data of Crosby et al. [16] , are shown in Table 1 . It highlights that the values of the "physical" parameters thus obtained are dependent on the approach taken. In addition, their results of samples CM4 and CM5 as derived from Approach (a) do not agree with the theory. The SEC-LALLS solution method shows that CM5 has a higher content of LCB than that of CM4. Since the (n, b U ) parameter set is derived from this solution method, intuitively they should be in agreement with its root. However, if one takes a closer look at their Figure 3 [16] , one will observe
h h pose of this dilution method, which is to characterise the degree of LCB via rheological measurements without recourse to other (solution) methods of LCB characterisation.
Approach (b)
This approach is based purely on the dilution method and thus, its results should conform to the theory, as highlighted in Table 1 . The results of CM4 and CM5 thus calculated by this approach (b) are consistent with the dilution theory, showing a slightly higher degree of LCB for sample CM4.
This approach fulfils the premise of the dilution rheology method (and hence highlighting its potential) that one can quantify the content of that the gradients for the plot of ln(a c ) vs. f, (where a c = concentration shift factor, f = concentration in polymer) of these two polymers are very close to each other (g f~ 10). Yet, CM5 has a higher molecular weight than that of CM4. Hence, if one was to reason from the dilution theory, CM4 should have a higher degree of LCB. One observes contradicting results, derived from Approach (a), in Table 1 . This approach also renders the dilution rheology method less attractive (and also undervalues its potential) since one needs first to determine LCB/1000C by SEC-LALLS in order to calculate the (n, b U ) parameter set. Furthermore, one has not fully demonstrated the main pur- Figure 3 of Crosby et al [16] ). LCB via purely rheological measurements complemented with weight-average molecular weight from SEC. One can, theoretically, make the dilution method independent simply by measuring the gradient without recourse to SEC if one has two polymers of identical molecular weight (see later). The gradient itself appears to differentiate the degree of LCB present in the polymer. However, these calculated values of (n, b U ) are very different from those published by Crosby et al. [16] (using Approach (a)). Even with the assumption that the uncertainty in our estimation of the gradients from the previously published Figure 3 is ~ ±1, the recalculated results still do not match with the published results, but far from them. The ranking of the polymers according to the topology is also not in agreement with that of the published results. These differences may be, in part, associated with the sources of experimental errors inherited by the input data needed by the different methods for the determination of the topological parameters (n, b U ). An analysis of the sources of errors will be discussed later. Further verification and discussion of this Approach (b) will be also be made below with the new set of data obtained on six metallocene LLDPEs and two LDPEs ( Table 2) .
Approach (c)
Regarding this third approach, the re-calculation in Table 1 of the data of Crosby et al. [16] has shown that determining b U from the polydispersity gives inconsistent values. The calculated values of (n, b U ) do not agree with those published (calculated with approach (a)) or those calculated with approach (b) in Table 1 . There is just too much noise and too little signal in the PI information to do it properly (see later discussion on sources of experimental errors). This has also been subsequently confirmed with McLeish [19] . No further verification, or discussion, of this Approach (c) will be made with the new set of data.
New data
To further verify the approach (b), we have followed and repeated the PE/squalane dilution experiment and analysis with a new set of polyethylenes as shown in Table 2 . Molecular structure parameters, e.g. M W /M n the ratio of weight average molecular weight to number molecular weight and g' LCB the long chain branching parameter, are characterised by size-exclusion chromatography (SEC). Figure 1 shows the plot of concentration shifts of polyethylenes versus the polymer volume fraction for some of the resins studied in Table 2 . This dilution-rheology plot separates the linear and "very lightly" branched materials with those of "very highly" branched metallocene LLD-PEs and commercial high pressure LDPEs, consistent with those observed by Crosby et al. [16] . The "physical" two-parameter (n, b U ) sets for the resins studied were calculated using Approach (b) and are summarised in Table 3 .
As seen in Table 3 , the values (n, b U ) of these new samples exhibit the same order of magnitude with those published [15] --± 0.001 ± 0.001~± 0.001 ± 0.005 ± 0.005 Table 2 , obtained by Dilution Rheology (Approach (b)) and Janzen and Colby Method (Line is drawn for guide-only). the variation of the terminal/near-terminal dynamic response does give a clear signal corresponding to the polymer's topology. The ranking of the polymers is in agreement with that based on SEC-V measurements. The degree of LCB for MB1 and MB5 can be compared even without recourse to the SEC measurements. Their molecular weights are not far from each other (~ 86000 g/mol). Judging from the gradient, we can deduce that MB5 has a higher content of LCB than that of MB1, consistent with the calculation and g' LCB values. Using the zero shear rate viscosity h0 calculated from the master curve at 190°C time-temperature superposed from dynamic shear data measured at 170, 190, and 210°C, the ratio of M b /M c can be determined and summarised in Table 4 . It can be observed that, from Figure 2 , the values of n and M b /M c are similar, though not identical. However, the ranking of the polymers based on LCB is identical. In fact, the method of Janzen and Colby yields two solutions [12] and we disambiguated the dual solutions with the dilution method.
Sources of Errors
The calculated values of (n, b U ) by the dilution rheology method will be affected by the sources of errors inherited from the various independent measurements, depending on the approaches used: the SEC-LALLS for the LCB or g' LCB determination, the accuracy of M W and M n as determined by SEC, and the accuracy of the dilution gradient by oscillatory rheological analysis and the actual concentration of squalane in the diluted samples.
In the case of the SEC-LALLS for LCB determination, the number of LCB per molecule and LCB frequency as a function of molecular weight can be calculated by comparing the radii of gyration, R g , of a branched homopolymer with that of a linear control at the same molecular weight using the Zimm-Stockmayer approach. However, as all the metallocene LLDPEs studied by both Crosby et al. [16] and the present work were copolymers, where their short-chain branches, such as butyl, or hexyl branches, have significant influence on theirs R g -M W relationship. Intuitively, a copolymer should have a smaller R g than a homopolymer of the same molecular weight because the overall backbone length of the copolymer is shorter than that of the homopolymer. Thus, the LCB contents of a copolymer cannot be obtained unless the shortchain branching (SCB) effect is properly corrected. In addition, the dimension of a polymer molecule is also influenced by other factors, such as the 'goodness' of the solvent, the interaction between polymer chains and the solvent, as well as the so-called over-crowding effect [20] , etc. Hence, there are very few reliable theoretical relationships between R g and SCB content that can be found in the literature due to this complexity. The normal practice to correct for the SCB effect on R g is through empirical methods, with varying degree of uncertainties. For example, the empirical method employed by Crosby et al. [16] Table 2 (Line is drawn for guideonly).
Figure 4:
Comparison of "physical" parameters (n, b U ), determined by Approach (b), and "chemical" parameter g' LCB of the polymers shown in Table 2 (Lines are drawn for guide-only). the LCB values for their copolymers was reported to be accurate to ~ 20%. For the molecular weight and molecular weight distribution by SEC analytical method, the accuracy for M W and M n are no better than 1 0% and ~ 15% respectively. The dilution gradient accuracy is limited by the precision of squalane concentration to no better than ~ 5% due to "sweating" during blending and sample preparation, even though the accuracy for oscillatory analysis can be better than ~ 5%.
As three independent measurements (SEC-LALLS, M W and dilution gradient) were employed for the determination of the 'physical' parameters (n, b U ), it is expected that Approach (a) would inherit the most errors with respect to Approaches (b) and (c). These later methods needed only two independent measurements. However, Approach (c) is severely limited by the accuracy in molecular weight distribution (M W /M n ) due to the large uncertainties in M n determination from SEC analysis. Hence, amongst the three approaches considered in this paper, Approach (b) appears to inherit the least errors for the determination of the topological parameters (n, b U ).
Despite the least inherent degree of uncertainties in the Approach (b), it can be seen in Table  3 that an error ~ 10% in the value of the dilution gradient would limit its sensitivity in differentiating metallocene LLDPEs within each group of polymers studied: (i) linear and "lightly" branched samples M3 to M6, or (ii) "moderately" to "highly" branched samples MB1 to MB5. Hence it is necessary to achieve and improve the accuracy in the determination of the squalane concentrations within the samples and the dilution gradient. In addition, it is advisable to combine the dilution rheology method with an independent method, like that of Janzen and Colby [12] , for the LCB characterisation.
"PHYSICAL" AND "CHEMICAL" PARAMETERS FOR LCB CHARACTERISATION
Figures 3 compares the number of entanglements between branch points, n, as determined by the dilution rheology method (Approach (b)) and the flow activation energy, E a by oscillatory rheology, based on the new set of data (Table 2) . It highlighted the topological differences between the two classes of branched polymers. It is interesting to note that the three "moder-ately" to "highly" branched metallocene LLDPEs (MB1, MB4 and MB5) exhibit not only higher flow activation energies, E a , but also higher number (> 6 times) of entanglements between branch points, than those of the two LDPEs (LD1 and LD2). The "highly" branched, broad polydispersity metallocene LLDPEs (MB4 and MB5) have shown LDPE-like rheological behaviour and processability [2, 3] , consistent with Eq. 10 that branched metallocene polymers should exhibit higher degree of LCB as their MWDs broadened. Figure 4 compares the two "physical" parameters (n, b U ) with the traditional "chemical" parameter, g' LCB , forming a kind of a 2-D approach to the characterisation of LCB in the various polymers thus studied here ( Table 2 ). Together with Fig. 3 , it demonstrates the distinctive topological differences between the various classes of polymers.
I LDPEs (LD1 and LD2) exhibits high concentration of LCB as signified by the "Chemical" parameters (g' LCB~ 0.5 -0.6 and E a~ 55 kJ/mol) while their "Physical" parameters indicating a small value of molecular weight between branch points, M b /M c~ 9 (or small number of entanglements between branch points, n~ 4) but with a maximum probability of finding these branch points (b U~ 1). LD2) . However, the "Physical" parameters of these polymers, (M b /M c~ 28, n~ 28, and b U~ 0.09), appear to suggest that their topological structure to be intermediate between those of LDPEs and the "substantially linear", narrow MWD metallocene LLDPEs.
CONCLUSION
For the method of dilute rheology, there appears to have 3 different approaches to calculate the (n, b U ) parameter set for characterising the topological structure of long-chain-branched metallocene polymers, where the results were found to be dependent on the approach taken. I The initial method [16] , classified as Approach (a), requires the value of LCB/1000C obtained from the solution method. If one were to use the value of LCB/1000C predetermined from SEC-LALLS, this would render the dilution method redundant, as the main premise of the previously published article was to characterise the degree of LCB via rheological measurements without recourse to other methods of LCB characterisation. I As for the Approach (b), it requires only two independently measured input values, rather three for Approach (a), to determine (n, b U ). This approach inherits relatively least errors and does not require any recourse to other LCB characterisation techniques. In our work, we have used Approach (b) to evaluate the degree of LCB of a new set of polymers. The LCB ranking of these polymers is in agreement with that based on GPC-V measurements and the ratio of M b /M c based on Janzen and Colby [12] . This could suggest the validity of this approach.
We have confirmed in our study that the dilution-rheology method is indeed sensitive to the presence of LCB, as it was thus claimed [16] . It gives a clear signal revealing its presence. However, one should note the limit of the dilution theory. If we have a linear polymer, the predicted gradient from Eq. 5 will be null (since f b = 0). In other words, the theory predicts no variation in the relaxation times, which contradicts with the physical observations. The idea of this dilution rheology method is not far from that of SEC-V. Both methods involve the dilution of polymer in order to have intrinsic information of a chain. The latter quantifies the LCB via the hydrodynamic volume whereas the former via the number of entanglements per chain or the average molecular weight between branch points. One major drawback of this dilution rheology method is its time-consuming sample preparation step. In addition, this method still requires an independent measure of M W from SEC, as well as the knowledge of the type/topology of LCB present in the polymer, to quantify the LCB. Hence, dilution-rheology measurements alone are not sufficient for the quantification of the degree of LCB present in PE. However, theoretically, we can make the dilution rheology method independent simply by measuring the gradient, if and only if, we have two polymers of identical LCB type and molecular weight (doubtless, we would need SEC measurements for this purpose but not for the ranking of LCB). In this particular case, the gradient itself depends solely on the degree of LCB. This method does provide important insights into the topology of polymer.
